With the growing demand for safer streets and highways, state and national transportation agencies are investigating the relationships between roadway characteristics and crashes. The objective of this study was to develop accident modification factors (AMFs) for median characteristics on urban and rural freeways or rural, multilane highways. Data available for use in the evaluation included 458 miles of with barrier segments (primarily urban, with some rural sites), 359 miles of urban without-barrier segments, and 436 miles of rural without-barrier segments. A series of Negative Binomial regression models were used to determine the effects of independent variables on crashes. Variables considered in developing the base models included ADT, left shoulder width, barrier offset, median (with shoulder) width, and pole density. Crashes were examined in terms of median crashes for five years (1997 to 2001). An AMF represents the change in safety when a particular geometric design element changes in size from one value to another. In this project, the AMFs were estimated directly from the coefficients of the models. This approach for AMF development assumes that (a) each AMF is independent since the model parameters are assumed to be independent and (b) the change in crash frequency is exponential. AMF equations were developed for urban or rural medians with rigid barriers, urban medians without barrier, and rural median without barrier. 
INTRODUCTION
With the growing demand for safer streets and highways, state and national transportation agencies have developed safety programs. One example on a national level is the development of the Highway Safety Manual (HSM). The HSM is being developed under the direction of the Transportation Research Board Highway Safety Manual Task Force (1) . The manual's goal is to provide the best available safety knowledge in a condensed and widely usable form for designers and practitioners. The HSM is expected for public release in 2008. Texas is also sponsoring research efforts to investigate the relationships between roadway characteristics and crashes.
An Interim Roadway Safety Design Workbook (2) was developed for the Texas Department of Transportation (TxDOT) that contain methods for predicting crashes on freeway segments and on rural highway segments. The method includes accident modification factors (AMFs) for grade, lane width, outside shoulder width, inside shoulder width, median width, presence of shoulder rumble strips, and utility pole density and offset. Reviewers of the Workbook have expressed a preference for having an AMF for median barriers that is sensitive to the distance between the barrier and the edge of travel lane. They have also mentioned the desire to have information on the relationship between crashes and median characteristics for segments without rigid barriers. The overall objective for the research effort documented in this paper is to develop accident modification factors for median characteristics on freeways and rural, multilane highways.
BACKGROUND
Limited research has been conducted on crashes occurring within medians of high-speed highways. Within the past few years, however, greater attention has been focused on median crashes, in particular, cross-median crashes. These crashes, although not very frequent, tend to involve high speeds and result in multiple injuries and fatalities. The research into cross-median crashes typically provides advice on when to install a median barrier for a given ADT and median width. For example, a Texas study (3) developed improved guidelines for the use of median barriers on new and existing high-speed, multilane, divided highways. The guidelines were produced using Negative Binomial (NB) and ordered-logit regression models. As part of their research, they reviewed existing guidelines for the installation need of median barriers.
Miaou et al. (3) noted that median barriers can reduce cross-median crashes by keeping errant vehicles from reaching the other side of the traffic lanes, however, they do not prevent crashes. Barriers are also obstacles on the roadside and there is a great likelihood that they will be struck because of their nearness to the moving vehicles. Miaou et al. (3) summarized the medianrelated crash rates from several studies as shown in Table 1 . The crashes rates for the data used in this project are also listed in Table 1 .
Donnell and Mason (4) developed models to predict the frequency of median barrier crashes on Pennsylvania highways, including separate models for the Turnpike and all other Interstatedesignated highways. NB regression models were used to develop predictive crash frequency tools. From the models developed, traffic volume, horizontal alignment, interchange entrance ramp presence, and median barrier offset distance from the travel lane all influenced median barrier crash frequency. General trends of crash frequency of interest to the TxDOT effort included the following:
Increasing the median barrier offset from the left-edge of the travel way decreases median barrier crash frequency. A rural travel environment exhibits lower median barrier crash frequencies than an urban environment on the Turnpike road network.
No median barrier or utility pole in median AMFs was specifically identified in the literature. 
DATA COLLECTION ACTIVITIES
This section describes the data collection activities undertaken to assemble a database suitable for developing median-related accident modification factors.
Selection Process
Freeway and divided highways located in the following Texas districts were considered for inclusion in the databases: Researchers located each segment within an aerial photograph. Preference was to use aerial photographs available from a city or metropolitan planning organization as these photographs were generally of higher quality or resolution. From the view available on the photograph, the following segment characteristics were identified: Barrier type (rigid (includes both concrete barrier and guardrail) or no barrier), Type of control (limited access freeway or divided highway), Pole type (lighting, power, no pole), Pole spacing (ft), and Widths of left shoulder, distance to face of barrier (when barrier is present), and median (ft). Table 2 and Table 3 summarize characteristics of the segments included in the evaluation. Urban was determined using the Urban-Rural code in the TRM database and represents segments in areas with populations of 5000 and greater. Barrier offset was defined as being the distance between the edge of the left shoulder to the face of the barrier. Because of the limited number of rural with barrier segments, rural and urban segments were combined to a "with barrier" category.
Crash Data
Crash data for each segment were extracted from the Texas Department of Public Safety (DPS) electronic database. A total of five years of crash data (1997 to 2001) were used. Crashes for all severity levels were pulled. Analyses were performed using only fatal (K), incapacitating-injury (A), non-incapacitating injury (B), and minor injury (C). To be consistent with other AMFs in currently included in the Interim Workbook (2), property damage only (PDO) crashes were not used in the analysis. The following subsets of crash type were identified:
Mainlane crashes -include all single or multi-vehicle crashes of which position prior to the accident was located on the main lanes of the highway Median-related crashes -include mainlane crashes where the position of the impact occurred at inner shoulders of main lanes or median area between main lanes
The numbers listed in Table 4 are based on crashes that occurred during the five-year period of 1997 to 2001.
STATISTICAL MODELING
Several statistical models were developed for estimating the safety of high-speed, divided highways. The coefficients from the models were used to generate AMFs. The probabilistic structure used for developing the models was the following: The number of crashes at the i-th segment, i Y , when conditional on its mean i μ , is assumed to be Poisson distributed and independent over all segments as: respectively. The term φ is usually defined as the "inverse dispersion parameter" for the NB distribution.
Usually the dispersion parameter ( φ α 1 = ) or its inverse (φ ) is assumed to be fixed, but recent research in highway safety has shown that the inverse dispersion parameter could potentially be dependent on the covariates (5,6,7,8 9) . Since this work focused on the coefficients and for simplifying the model development, the models were estimated using a fixed dispersion parameter.
An important characteristic associated with the development of statistical relationships is the choice of the functional form linking crashes to the covariates (see reference (7) about the justification for using this functional form). For this work, the selected functional form was the following: The coefficients of the predictive models were estimated with SAS (10). The Generalized Modeling procedure (GENMOD) in SAS was used to automate the regression analysis. This procedure estimates model coefficients using the maximum-likelihood method. GENMOD is particularly well suited to the analysis of models with additive terms that are either continuous or categorical. The residual deviance statistics were used to assess the model goodness-of-fit. Additionally, the log-likelihood value and Akaike Information Criterion (AIC) value were used to assist in selecting the best model within each model category. At the beginning, all the variables were included in each model and the coefficients that were found to be non-significant (at the 95%-level) were eventually removed. Subsequent models were then estimated with the remaining coefficients. The coefficients were also evaluated for consistency to ensure the sign of each coefficient reflected previously observed crash characteristics.
Models were developed for segments with and without median barriers. For each model category median-related KABC crashes were used as dependent variables in the models. These crashes include run-off-the-road accidents as well as vehicles hitting a fixed object or barrier located inside the median.
MODELING RESULTS
Several variables were tested along with different combinations of the variables. The research team started with all variables collected (or the set of logical variables -for example shoulder width and total barrier offset would not both be used in the same model) and then removed variables if they were not significant. The model for a given model category included in this paper is, in the opinion of the researchers, the best model for the model category. This section briefly describes the modeling results for estimating the safety performance of multilane rural highways and freeways. Each model category included a different measure of the effect of the median. For sites with a barrier, the distance between the edge of the travel way and the barrier was significant. For urban without-barrier segments, the median width was the variable in the strongest model. For rural without-barrier segments, the width of the left shoulder rather than median width was the variable in the best model. Stated in another manner, the width of the left shoulder was more strongly associated with median crashes than the width of the median for rural without-barrier segments.
ACCIDENT MODIFICATION FACTORS
An AMF represents the change in safety when a particular geometric design element changes in size from one value to another. An AMF greater than 1.0 represents the situation where the design change is associated with more crashes while an AMF less than 1.0 indicates fewer crashes. In this project, the initial AMFs were estimated directly from the coefficients of the models, derived in the previous section. This approach for AMF development assumes that (a) each AMF is independent since the model parameters are assumed independent and (b) the change in crash frequency is exponential (as suggested by Equation 3). In practice, AMFs may not be completely independent, since changes in geometric design characteristics on highways are not done independently (e.g., lane and shoulder width may be changed simultaneously) and the combination of these changes can influence crash risk. Nonetheless, experience in deriving AMFs in this manner indicates that the assumptions are reasonable and, with thoughtful model development, the resulting AMFs can yield useful information about the first-order effect of a given variable on safety. Others who have used this approach for developing AMFs include Lord and Bonneson (11) and Washington et al. (12) .
Prior to deriving the AMFs, the base (or typical) condition for each design element was determined. Table 8 lists the base condition for each design variable used in this project. By definition, the base condition is associated with an AMF value of 1.0. The TxDOT Roadway Design Manual (RDM) (13) was reviewed for guidance in determining appropriate base conditions. Within both the freeway and multilane rural highway chapters for new location or 4R reconstruction, left shoulder width is determined by the number of travel lanes. When four lanes are used, the minimum and desirable left shoulder width is 4 ft. When six or more lanes are designed, the inside left shoulder width is 10 ft desirable and 4 ft minimum. For use with the AMFs, 4 ft was selected for four lanes and 10 ft for six or more lanes. The minimum barrier offset, which would be measured from the edge of the shoulder to the face of the barrier, was assumed to be 2 ft. With the assumed 2 ft minimum barrier offset, the total barrier offset is 6 ft for four lane and 12 ft for six of more lanes.
The guidance for depressed median width in the TxDOT Roadway Design Manual (RDM) (13) for multilane rural highways with either six or four lanes is 48 ft minimum and 76 ft desirable. Similar numeric values are provided in the freeway chapter (page 3-69 of the July 2006 edition). The median widths included in the dataset were examined to determine if additional guidance on typical values could be identified. The average median width (weighted for length of segment) for the urban sites was 64.3 ft and 71.7 ft for rural sites. Because several segments had very wide medians, the weighted average may not appropriately reflect typical median widths. A review of the median widths included in the analysis revealed 50
th percentile values of 50 ft for urban and 58 ft for rural segments. About half of the urban segments had measured median widths between 47 and 51 ft, therefore, a 48-ft base condition appears reasonable. For rural segments, 25 percent of the segments had 74 ft or more for the measured width. Therefore, 76 ft is reasonable for the base condition for rural highways; however, the value is not needed since the best model (shown in Table 7 ) included the shoulder width variable and not the median width variable. Note that base conditions are not fixed and can be changed by the user of these AMFs. The AMFs can be re-adjusted to reflect the new base conditions. The initial AMFs obtained from the models are applicable only to the specific crash type used to develop the regression model, that is, median-related crashes. They do not directly reflect the safety effect on total (or mainlane) crashes within a particular highway segment. They have to be adjusted in order to be applied to total crashes.
The adjustment used the proportion of median-related to total crashes. These percentages were provided in Table 4 . At this stage, it was assumed that the AMF of each design element for median-related crashes has a safety effect only on median-related crashes and has no effect on non median-related crashes. Based on this assumption, the adjusted AMF for total crashes was calculated by taking a weighted average between the AMF for median-related crashes and the AMF for nonmedian-related crashes (assumed to be 1.0). The following equations were used:
Where, AMF(total) i = AMF of design element i for total crashes AMF(median) i = AMF of design element i for median-related crashes AMF(non_med) i = AMF of design element i for nonmedian-related crashes (=1.0) P(median) i = proportion of median-related crashes to total crashes P(non_med) i = proportion of nonmedian-related crashes to total crashes = 1-P(median) i
In this manner the initial AMFs were adjusted to reflect total crashes.
Median With-Rigid-Barrier Segments
This section describes the development of AMFs for with-rigid-barrier segments using medianrelated crashes. The AMFs are developed based on barrier offset and number of lanes (to account for different minimum shoulder widths). Over 95 percent of the with-rigid-barrier segments are in an urban area; therefore, the dataset was not subdivided into urban and rural.
The base condition for total barrier offset is the combination of base conditions for barrier offset and base condition for left shoulder width. The value of 2 ft was used for the base condition of barrier offset distance. For the left shoulder width, 4 ft for four lanes and 10 ft for six or more lanes was used. Therefore, total barrier offset for four lanes is 6 ft and for six or more lanes it is 12 ft.
Therefore, the AMFs for total barrier offset when predicting median-related crashes are: 
Where, AMF(M) MwB,4 = accident modification factor for median crashes for four-lane highways with rigid barrier in median AMF(M) MwB, 6 = accident modification factor for median crashes for six or more lane highways with rigid barrier in median TBO = total barrier offset (barrier offset + left shoulder width), ft
The graphical representation of AMF(M) MwB is shown in Figure 1(a) . The relationship between total barrier offset and AMF values in this figure suggests that the median-related crash frequency is reduced by about 1.6 percent (i.e., 1-e -0.0158 ) for a 1-ft increase in total barrier offset. Although this relationship is true for both four lanes and six or more lanes, a wider total barrier offset is required for six or more lanes than four lanes in order to achieve the same value of AMF due to the different base conditions.
The AMF(M) MwB needs to be adjusted to reflect the effects on total crashes. Median-related crashes were 9.9 percent of total crashes. Therefore, the AMFs for total barrier offset when predicting total crashes are:
Where, AMF(TM) MwB,4 = accident modification factor for total crashes developed based on median-related crashes for four-lane highways with rigid barriers in median AMF(TM) MwB, 6 = accident modification factor for total crashes developed based on median-related crashes for six or more lane highways with rigid barriers in median TBO = total barrier offset (barrier offset + left shoulder width), ft
The graphical representation of AMF(TM) MwB is shown in Figure 1(b) . Based on the range of total barrier offset in the database, the AMF(TM) MwB is applicable to total barrier offsets ranging from 0 to 34 ft.
Median Without-Barrier Segments, Urban Area
For highways without rigid barriers, the assumed base condition for median width in an urban area is 48 ft. The recommended AMF using median width is: Where, AMF(M) UMW = accident modification factor using median width for median-related crashes for urban highways with no median barrier MW = median width (including left shoulder widths), ft
The graphical representation of AMF(M) UMW is shown in Figure 2(a) . The relationship shown in Figure 2 (a) suggests that median-related crash frequency in without-barrier segments can be reduced by about 0.5 percent (i.e., 1-e -0.0053 ) for a 1-ft increase in median width. Based on the range of median width in the database, the AMF(M) UMW is applicable to median width ranging from 33 to 350 ft. Also shown in Figure 2(a) is the graph for AMF(TM) UMW after AMF(M) UMW has been adjusted to reflect total crashes.
Like longitudinal barriers, the poles in the median are an obstruction for drivers. It was found that the pole density is associated with an increase in median-related crashes and hit-pole crashes. The base condition for pole density is no pole per mile.
The recommended AMF for pole density for median-related crashes is:
Where, AMF(M) UPD = accident modification factor using pole density for median-related crashes for urban highways with no median barrier PD = pole density, poles/mi The development of an AMF to reflect medians in an urban area would need to combine the AMF for median width with the AMF for pole density. The AMF equation would be:
Where, AMF(TM) UMw/oB = accident modification factor for urban medians without barriers developed using median-related crashes MW = median width (including left shoulder widths), ft PD = pole density, poles/mi 
Median Without-Barrier Segments, Rural Area
This section describes the development of AMFs for without-barrier rural segments for medianrelated crashes. The AMF for rural areas was developed based on left shoulder width. The base condition for left shoulder width is: 4 ft for four lanes and 10 ft for six or more lanes. Therefore, the recommended AMFs for median-related crashes on rural without-barrier segments are: Where, AMF(M) RSW,4 = accident modification factor using shoulder width for median-related crashes for rural four-lane highways with no median barrier AMF(M) RSW, 6 = accident modification factor using shoulder width for median-related crashes for rural six or more lane highways with no median barrier LSW = left shoulder width, ft
The graphical representation of AMF(M) RSW for both four lanes and six or more lanes is shown in Figure 4 (a). The relationship between left shoulder width and AMF values in this figure suggests that the median-related crash frequency is reduced by about 12 percent (i.e., 1-e -0.1308 ) for a 1-ft increase in left shoulder width. This relationship is true for both four lanes and six or more lanes, but a wider left shoulder width is required for six or more lanes than four lanes in order to get the same value of AMF due to the different base conditions. Based on the range of left shoulder width in the database, the AMF(M) RSW is applicable to left shoulder width ranging from 2 to 10 ft. Shown in Figure 4 
CONCLUSIONS
The objective of this study was to develop AMFs for median characteristics on freeways or rural, multilane highways. Data available for use in the evaluation included 458 miles of with barrier segments, 359 miles of urban without-barrier segments, and 436 miles of rural without-barrier segments. A negative binomial regression model was used to determine the effects of independent variables on crashes. Variables considered in developing the base models included ADT, left shoulder width, barrier offset, median (with shoulder) width, and pole density. Crashes are examined in terms of median crashes for five years (1997 to 2001).
An AMF represents the change in safety when a particular geometric design element changes in size from one value to another. An AMF greater than 1.0 represents the situation where the design change is associated with more crashes while an AMF less than 1.0 indicates fewer crashes. In this project, the AMFs were estimated directly from the coefficients of the models. This approach for AMF development assumes that (a) each model variable is independent between the change in the variable value and (b) the change in crash frequency is exponential.
AMF equations were developed for medians with rigid barriers, urban medians without barrier, and rural median without barrier. Table 9 lists the recommended AMFs. 
